Abstract-Contamination and oxidation are inevitable in contact surfaces, especially for micro contact under low load (μN-mN). They are considered as major causes for a high contact resistance, and can lead to the failure of a contact. However, as the film formation is a complex phenomenon, it is difficult to accurately observe and characterize the film properties. In this paper, a finite element model of nickel oxide film is developed for Au-Ni contact of MEMS switches. Considering the fact that the electrical contact area is only a portion of the mechanical contact area, a so-called 'nano-spots' model is developed: multiple small conductive spots are scattered on a large mechanical contact asperity, and ultrathin oxide film is located around the nanospots. The sizes of the electrical spots and the mechanical asperity are deduced from the measured electrical resistance and a mechanical contact modeling, respectively. The simulations results show a good agreement with the experimental results. This model allows us to determine some possible geometrical configurations of contact surfaces that lead to the measured contact resistance in real devices.
I. INTRODUCTION
The roughness of contact surfaces plays an important role in the performance of electrical contact. For MEMS switches, the contact force is very low (μN-mN), and it brings only highest asperities in contact [1] . The real contact area A r is a very small portion of the apparent area A a , typically 10 -4 A a < A r < 10 -1 A a [2] .
The contact resistance, or constriction resistance, can be calculated according to the ratio between the contact radius and the electrons mean free path. Three electron transport regimes can be defined: diffusive, ballistic and quasi-ballistic [3] , and corresponding models are defined [4] [5] [6] .
However, it is inevitable that insulating films due to oxidation, contamination or corrosion, are formed on contact surfaces. Consequently, they can prevent the current flow and cause a high resistance [7] . The electrical contact area is therefore smaller than the physical contact area. Fig. 1 shows three kinds of contact areas: the apparent area is also called the nominal contact area, the bearing area is to support the mechanical load, and the electrical current passes only through the electrical contact area. The insulating films on contact surfaces are considered as a major cause for a high contact resistance, and can lead to the failure of a contact. The composition and formation of the films are complex and would change during switching as a result of impact and current flow. Consequently, it is difficult to accurately observe these films and experimentally characterize their properties, which are not well known. Modeling and numerical simulation are suitable alternative approaches.
For surfaces with the presence of an insulating film, one simple assumption in the literature is considering the film resistance in series with the contact resistance, and the total resistance is calculated as
where t, c and f represent the total resistance, contact resistance and film resistance, respectively.
It is shown that if the oxide film is thin enough, the electrons can pass through the film by tunnel effect, and Holm [4] suggested that the total resistance could be calculated by:
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where ρ is the electrical resistivity of the contact material, a is the contact radius, and σ t is the tunnel resistivity, and is the resistance per m 2 of the surface.
Nakamura and Minowa [9, 10] used a numerical simulation based on a finite element model and Monte Carlo method to investigate the resistance of a contact interface. The model was composed of two cubes and a random interface between them. The interface was divided into a matrix of N 2 spots of square section; each spot was randomly set either conductive or insulating. It was found that the conductance remained a high value until the fraction of the contact area was close to zero; at this moment the current density became very high and the increase of the conductance depended a lot on the distribution of spots.
Kogut [7, 11] presented an electrical theory for conductive and rough fractal surfaces separated by a thin insulating film, and for a degraded surface, where the metallic conductance area was only a fraction of the contact area. It was found that, for a thin film of thickness lower than 5 nm, where the tunnel effect can occur, -if the film covers the whole surface uniformly, the constriction resistance is negligible compared to the resistance resulting from the tunnel effect; the total contact resistance is about 10 5 -10 6 higher than that of a clean surface [7] ; -if the film is damaged, the tunnel effect becomes very weak compared to that of an intact film, and the I-V curves remain linear [11] .
It was noticed that the ballistic charge transport mechanism dominated in Kogut's model, whereas it was supposed that all contact spots were in diffusive mode in Nakamura's work.
The concept of degraded films was also considered in [12, 13] , and it was demonstrated that the amount of oxide film significantly impacts the constriction resistance [12] because it prevents the metal-to-metal contact [13] . However, no related research has been reported on the case of electrical contact of MEMS switches, and there is a lack of comparison between the analytical models and the experimental results in Kogut's work.
In the present study, finite element models of Au-Ni contacts covered with oxide films are developed and the simulated resistance is found in agreement with experimental results.
II. FINITE ELEMENT MODELING

A. Contact asperity model
The contact asperity, which is assumed to support the mechanical load, is modeled as a 3-dimensional frusto-conical asperity as in a previous study [14] . Three parameters were extracted from AFM scanning data and defined as: the top radius (a), the height (h) and the angle (α), as shown in Fig. 2 . It was shown that the top radius of asperity had the most significant impact on the electrical resistance and thermo electrical behavior, whereas the height and angle only had observable influence at large values [14] . For the contact surfaces investigated in this study, which are sputtered Au-Ni, the influence of angle and height is ignored.
In the below model, the top radius of the asperity a = 120 nm is based on a finite element mechanical contact simulation [15] , with an applied contact force of 150 μN, in accordance with the experimental results [16] . The height of the asperity h = 6 nm and the angle α = 10 ° are extracted from AFM data [14] .
B. Assumptions on the insulating film
The distribution of insulating film is unknown, and two assumptions are considered:
-Model I, the contact area is completely covered by a thin uniform insulating film.
-Model II, metallic contact spots are scattered on the contact surface, in other words, the insulating film is degraded locally by the metallic spots. The size of the metallic spots is in the order of nanometers, and they are called 'nano-spots' herein.
The schemas of the two models are shown in Fig. 3 and Fig. 4 . Note that the figures are not to scale; the sizes of the models are given in the next section.
Holm [4] indicated that a few atoms thick oxide film could be formed on contact surfaces after several hours of exposure to the ambient environment. The crystalline parameter of NiO, the main oxide for the Au-Ni contact, is about 0.4 nm [17] and the thickness of oxide film is ranged from 1 nm to 6 nm in the modeling. A value of 6 nm is chosen as it was suggested that no tunnel effect could occur for the thickness greater than 5 nm [11] .
In Model II, the metallic conductive spots are modeled as cylinders, and the following geometrical parameters are defined:
-r 1 is the radius of the nano-spots, -h 1 is the thickness of the oxide film and the height of nano-spots as well,
-m 1 is the distance between two nearby nano-spots,
-n 1 is the number of nano-spots.
Simulations are performed with different values of these geometrical parameters and a reference model is defined as:
The radius of 10 nm was estimated with Holm's equation, R c = (ρ 1 +ρ 2 )/4a. With the measured contact resistance 2.55 Ω at 10 mA and at 150 μN [18] , the calculated value is 8.9 nm and rounded as 10 nm for the reference model. In the experiments, the contact force was applied using a nano-indentation tip on a Au-Ni MEMS switch, and the resistance was measured using the four-point method [18] . Different levels of current were applied on the test vehicle, but only the value of 10 mA was used in the model to avoid the effect of Joule heating. The influence of the geometrical parameters on the electrical resistance is discussed in section IV. 
C. Finite element (FE) model
The FE model is developed with commercial software package ANSYS 11.0. The 3-D 10 node coupled-field element SOLID227 is used for meshing, with the degrees of freedom (DOF) of temperature and voltage activated. Fig. 5 (a) shows the mesh and the boundary conditions. A low current of 10 mA is applied, and the dependence of material properties on temperature is not considered in the study.
The electrical resistivity of NiO is in the range [0.14×10
] nΩ×m in Model I, and kept as 0.3×10 7 nΩ×m for Model II if not specified, following data from the literature [19] [20] [21] . The incertitude on the electrical resistivity of the oxide film is discussed at section IV. The material properties of the contact materials and the oxide film are listed in TABLE I.
The two contact parts are modeled as a rectangular cuboid, as shown in Fig. 5(a) . Its length is 3.5 μm, equal to its width, and its height is 1 μm. This size has been chosen in order to be large enough to model the constriction resistance accurately for an asperity of radius smaller than 200 nm.
In Model II, a single nano-spot and multiple nano-spots are both modeled. For the case of one nano-spot, the spot is located at the center of the underlying asperity. For multiple metallic nano-spots, all nano-spots are of the same size and uniformly distributed on the underlying large asperity. The thickness of the oxide film is kept as 3 nm in multiple nano-spots modeling.
The number of nano-spots is varied in the study, namely as 1, 2, 4 and 9. The distance between spots is 120 nm for 2 spots and 4 spots, and is reduced to 60 nm for 9 spots due to the limited size of the asperity, which has a radius of 120 nm. Fig.  5(b) shows the distribution of 9 nano-spots, and a zoom-in side view of the mesh in the nano-spots region is shown in Fig.  5(c) .
The distribution of spots is also investigated by varying the distance between spots. The simulations have been performed with 4 nano-spots of radius 10 nm, and the distance between spots has been varied from 30 to 60 and 120 nm. 
III. ANALYTICAL MODEL
An analytical model is proposed to approximately calculate the electrical resistance value. It has been shown in a previous study [14] that the finite element modeling could not predict the contact resistance with ballistic transport. Consequently, the electrical resistance is calculated from Holm's equation [4] . Furthermore, it is assumed that: -tunnel effect is not taken into account, and the oxide film is assumed as completely insulating;
-the electrical interaction between nano-spots is negligible;
-the supplementary electrical resistance of each nanospot is the same as the resistance of a cylinder of height h 1 and radius r 1 , i.e. R spot = ρ Ni h 1 π r 1
2
.
As such, the electrical resistance of the nano-spots can be evaluated with:
The results obtained with (3) will be compared with the numerical simulations.
IV. RESULTS AND DISCUSSIONS
A. Results with Model I
The simulations have been performed with an oxide film thickness of 1 nm. With the electrical resistivity of NiO varying between 0.14×10 7 and 60×10 7 nΩ×m, the simulated total resistance is ranging from 26 Ω to 11300 Ω, which is much larger than the measured contact resistance, 2.55 Ω. The constriction resistance of clean Au-Ni contact is only 0.18 Ω, this suggests that the resistance of oxide film dominates in the total electrical resistance.
It can be concluded that in Model I, assuming the contact area is covered completely by the oxide film, the electrical resistance is too high even if the film is very thin, which agrees with the results from [7] . Model I does not provide a resistance value close to the measured values.
B. Results with Model II 1) One nano-spot
The first investigated parameter is the radius of the nanospot. It is varied from 5 to 20 nm, and the thickness of the oxide film is kept as 3 nm. Fig. 6 shows the influence of the radius of nano-spots on the electrical resistance, compared with analytical results. As expected, the resistance decreases as the radius of nano-spots increases. The simulated results are in good agreement with the analytical calculation using (3), and the maximum relative difference is only 1.8%. The diffusive formula, which not includes the supplementary resistance of nano-spots, predicts the electrical resistances lower than the simulation.
It is also observed that the nano-spot of radius 10 nm results in an electrical resistance of 2.96 Ω, which is close to the measured contact resistance of 2.55 Ω [18] .
The simulation is then performed with the same radius of nano-spot (10 nm), and the thickness of the oxide film varying from 1.5 nm to 6 nm. The results with various thicknesses of the oxide film are plotted in Fig. 7 . It is shown that the thickness of the oxide film does not have significant impact, and the total resistance increases 38% as the thickness of the film increases from 1.5 nm to 6 nm. The difference observed between the analytical calculation and the FE model increases a little bit with a thicker oxide film.
It can be deduced that, with only one conductive nano-spot on the asperity surface, the analytical model can predict the FEM results correctly. The nano-spot with a radius of 10 nm, and a height of 1.5 nm (or 3 nm) results in a total resistance of 2.58 Ω (or 2.96 Ω), which is close to the measured resistance of 2.55 Ω [18] . 
2) Multiple nano-spots
In the case of multiple nano-spots, the number of spots is investigated and two radii of spots, namely 10 nm and 5 nm, are modeled.
As shown in Fig. 8 , the electrical resistance decreases as the number of spots increases. This is expected as the metallic area increases with more spots, which facilitates the current flow. The electrical resistance decreases more sharply with smaller nano-spots, and the resistances tend to become stable with more spots in both cases. Due to the electrical interaction between nano-spots, the analytical calculations underestimate the electrical resistance, and the deviation between analytical calculations and FEM simulations becomes larger as the number of nano-spots increases.
It is also observed that the electrical resistance of 4 (or 2) nano-spots of radius 5 nm, which is 1.90 Ω (or 3.66 Ω), provides a reasonable estimation to the measured value of 2.55 Ω [18] .
The influence of the distance between nano-spots is plotted in Fig. 9 . Due to the electrical interaction between nano-spots, the electrical resistance increases when the spots are closer, and the deviation between FE and analytical models becomes higher. 
3) Influence of the electrical resistivity of the oxide film
The electrical resistivity of the nickel oxide film has been defined as 3×10 6 nΩ×m in the previous sections, in agreement with values from the literature: (0.14-60)×10 7 nΩ×m [19] [20] [21] . These values were measured with samples fabricated in controlled conditions, either by thermal evaporation or sputtering, and might be different from a natural formed oxide film. Despite the incertitude on the resistivity value of NiO, it is noticed that the ratio of the electrical resistivity of NiO and nickel is at least 20,000, and this suggests that the oxide film probably can be considered as an insulating layer. However, there are also some materials, like ruthenium, for which the oxide film is not really insulating. The electrical resistivity of Ru oxide film is only 5 times higher than that of ruthenium (ρ Ru = 76 nΩ m and ρ RuO2 = 350 nΩ m) [24] . In this section, the influence of the electrical resistivity of the oxide film on the total electrical resistance is discussed, and a new analytical model is proposed.
The simulation is performed with one conductive nano-spot on the asperity surface. The radius of the nano-spot is 10 nm, and the thickness of the oxide film is 3 nm. The minimum value of the electrical resistivity of the oxide film is defined as about 1/20 of the smallest value in the literature, which is about 1000 times of the electrical resistivity of nickel. The range of electrical resistivity of the oxide film is then varied from 7.5×10 4 to 60×10 7 nΩ×m. The simulated total resistance is plotted in Fig. 10 , and it is found that the total electrical resistance drops significantly as the electrical resistivity of NiO decreases from 3×10 6 nΩ×m to 0.15×10 6 nΩ×m. This indicates that the conductance of the oxide film is not negligible when its electrical resistivity is small, here about 2000 times of that of nickel.
It is assumed that the electrical resistance of the oxide film laying on the asperity can be evaluated by the bulk resistance formula (R = ρ l/A), as:
The total contact resistance can thus be evaluated considering the electrical resistance of the oxide film (4) and of the nano-spots (3) in parallel:
The total contact resistance calculated from (5) is also plotted in Fig. 10 , compared with the ones from (3). It is found that the new analytical model can predict the contact resistance more accurately for an oxide film with low electrical resistivity. It is also observed that when R nano is close to R total , the oxide film can be considered as completely insulating. In the case of an oxide film with very low electrical resistivity, like RuO2, the results would be much different from those corresponding to the Au-Ni contact discussed in the study.
4) Considering the ballistic transport mode
It has been noticed that the radii of spots are close to the mean free path of Ni, so the ballistic transport mode should be considered. The mean free path of nickel is smaller than gold (see TABLE 1) , and the radius of nano-spots is ranged from 5 nm to 20 nm in the modeling, so the electrical resistance is calculated in two cases:
-if the radius of nano-spot is smaller than the mean free path of nickel (9 nm), the ballistic transport formula is used, as (6);
-if the radius of spot is equal or larger than 9 nm, the intermediary mode is used [25] , as (7 
The calculation results are plotted in Fig.11 , compared with the simulation results presented in Fig. 6 . As the FEM cannot predict the ballistic mode, the simulation underestimates the electrical resistance for smaller spots, but compares well for larger spots (radius > 9 nm). It can be deduced that the simulation for the spots of radius larger than 10 nm is moderately accurate. Note that the analytical curve is not continuous due to the calculation with two equations. 
V. CONCLUSIONS
A finite element model has been developed for the oxide film of Au-Ni contact. Two types of insulating films were investigated: an intact film and a damaged one. A 'nano-spots' model was developed for the damaged insulating film. The metallic conductive spots were scattered in the oxide film that laid on a mechanical contact asperity. The size of the mechanical asperity was calculated from a FE contact model, and the nano-spots dimensions were evaluated from the measured resistance. The influence of the nano-spots size and of the oxide film thickness was investigated, as well as the role of the number and distribution of nano-spots in the case of multiple metallic spots.
Two simplified analytical models were proposed, and the influence of the electrical resistivity of the oxide film was discussed. It was shown that the oxide film couldn't be considered as an insulating layer when its electrical resistivity is less than 2000 times of that of the metal, and the improved analytical model is more accurate in this case.
It was found that one nano-spot with a radius of 10 nm and 4 or 2 nano-spots with a radius of 5 nm produce an electrical resistance value close to the measured data. The FE and analytical models allowed us to propose reasonable configurations of insulating films on the contact surfaces. It should however be kept in mind that the ballistic transport cannot be modeled by FEM in this study.
